This study examined the influence of photoperiod on affective behavior (anxiety) of adult male and female meadow voles (Microtus pennsylvanicus), maintained in either a long or short day photoperiod, when tested in an automated (VersaMax) light-dark test. The light-dark test is based on an innate aversion of rodents to novel, brightly illuminated spaces and has been used with laboratory raised species, such as mice, to assess anxiety and/or fear related behaviors. Male and female meadow voles, housed either in a long day (LD: 16 h light) or short day (SD: 8 h light) photoperiod, were tested in the light-dark apparatus for 30 min on 3 consecutive days. All animals spent significantly (p!0.001) less time in the brightly lit chamber (900 lux) than in the dark chamber. LD voles, especially females, spent significantly less time in the brightly lit area than did SD voles. Both horizontal and vertical movements occurred less frequently per unit time in the dark area relative to the light, but only in the LD voles. LD female voles were the least active group in the dark area on the first test day but the most active group in the light area, despite spending the least amount of time in this area on the second and third test days. The present results show that LD voles exhibit more anxiety related behaviors in this test situation than do SD voles. LD females avoided the brightly lit area the most, particularly when the apparatus was novel. Thus, both photoperiod and sex influence situation-based anxiety in this species. These findings suggest that meadow voles are an excellent animal model in which to examine the role of gonadal hormones, and their modulation of defence related neural systems, in the induction of anxiety. Q
Summary
This study examined the influence of photoperiod on affective behavior (anxiety) of adult male and female meadow voles (Microtus pennsylvanicus), maintained in either a long or short day photoperiod, when tested in an automated (VersaMax) light-dark test. The light-dark test is based on an innate aversion of rodents to novel, brightly illuminated spaces and has been used with laboratory raised species, such as mice, to assess anxiety and/or fear related behaviors. Male and female meadow voles, housed either in a long day (LD: 16 h light) or short day (SD: 8 h light) photoperiod, were tested in the light-dark apparatus for 30 min on 3 consecutive days. All animals spent significantly (p!0.001) less time in the brightly lit chamber (900 lux) than in the dark chamber. LD voles, especially females, spent significantly less time in the brightly lit area than did SD voles. Both horizontal and vertical movements occurred less frequently per unit time in the dark area relative to the light, but only in the LD voles. LD female voles were the least active group in the dark area on the first test day but the most active group in the light area, despite spending the least amount of time in this area on the second and third test days. The present results show that LD voles exhibit more anxiety related behaviors in this test situation than do SD voles. LD females avoided the brightly lit area the most, particularly when the apparatus was novel. Thus, both photoperiod and sex influence situation-based anxiety in this species. These findings suggest that meadow voles are an excellent animal model in which to examine the role of gonadal hormones, and their modulation of defence related neural systems, in the induction of anxiety. Q 2005 Elsevier Ltd. All rights reserved.
Introduction
Novel environments are generally aversive to small rodents as they tend to escape from such situations instead of exploring them (Misslin et al., 1989) . Thus, it has been assumed that exposure to novel environments tends to elicit fear and/or anxiety in rodents and a variety of exploratory behavior models of anxiety have been based on this approach (Crawley, 1985) . Previous studies have found that brightly lit open-field situations are aversive and induce emotional reactivity in a variety of rodents (see Walsh and Cummins, 1976 for review) and this tendency to avoid brightly lit open areas has been incorporated into the light-dark anxiety test (Crawley, 1981; Crawley and Goodwin, 1980) . This test implicitly assumes that a preference of rodents, for the protected or dark area, rests on some mechanism of 'risk assessment' for the likelihood of potential predatory attack (Hendrie et al., 1997) . Subsequently, this test has been used to pharmacologically characterize 'anxiety' in mice (Blumstein and Crawley, 1983; Costall et al., 1989; Crawley, 1981; Hascoët and Bourin, 1998) and rats (Bilkei-Gorzo et al., 1998; McQuade et al., 1999) .
Although a variety of previous studies have found some sex differences in reactions to novel environments as well as other tests that have been used to examine anxiety in rodents (Bales et al., 2004; Imhof et al., 1993; Johnston and File, 1991; Nasello et al., 1998; Walsh and Cummins, 1976; Zimmerberg and Farley, 1993) , most previous studies have tended to use only males in examining anxiety in rodents (Palanza, 2001) . This lack of consideration of females has often been attributed to the fluctuations in anxiety associated with the estrous cycle (Palanza, 2001) .
Animals living in non-tropical environments which show seasonal changes, exhibit a variety of alterations in physiology and behavior across the year. Many behaviors in these animals are regulated by the seasonal changes in the light cycle and facilitate adaptation to a variety of cyclical changes in the physical and social features of the environment (Prendergast et al., 2002) . Meadow voles (Microtus pennsylvanicus) are a seasonally breeding, promiscuous species for which photoperiod represents the main cue to seasonal change. A long photoperiod is reproductively stimulatory and body weight, testes weight and testosterone levels are increased in male meadow voles, while the reverse occurs during a reproductively inhibitory short photoperiod (Adams et al., 1980; Perrot-Sinal et al., 2000) . As well, female meadow voles are induced ovulators and ovary weights and progesterone and estrogen levels increase only in a long photoperiod after pairing the females with a male Carter, 1987, 1988; Lee et al., 1970; Perrot-Sinal et al., 2000; Seabloom, 1985) . Thus, manipulation of the photoperiod allows for the induction of differential breeding states and hormone levels in this species.
Meadow voles previously have been found to exhibit sex differences in their behavior in an automated open-field situation (Perrot-Sinal et al., 1996 which was modulated by breeding status of the animals (Perrot-Sinal et al., 1998 . In general, females exhibited greater avoidance of the center area of the openfield apparatus and lower levels of locomotor activity in this area, behavior indicative of increased anxiety. As well, male meadow voles increased the amount of time spent in the center area of the open-field as the test session progressed, whereas female voles did not (Perrot-Sinal et al., 1996) . Thus, male voles changed their behavior from thigmotaxis (indicative of anxiety; Ossenkopp et al., 1994; Treit, 1985; Treit and Fundytus, 1989) at the start of the testsession to exploration of the center area (reduced anxiety) by the end of the session. In a previous study of anxiety related behavior in voles, Hendrie et al. (1997) tested both male and female Microtus socialis in a light-dark apparatus but sex differences in behavior were not statistically examined. Examination of anxiety related behaviors in an elevated plus maze test with prairie voles (Bales et al., 2004) showed that females explored the open arms of the maze significantly less than did males, suggesting greater anxiety levels in the females.
The present study examined the hypothesis that photoperiod influences the affective behavior of meadow voles (Microtus pennsylvanicus) in a sexually dimorphic manner when exposed to a novel automated light-dark anxiety test situation. Male and female meadow voles were housed either under a long day photoperiod (LD) in mixed sex pairs or under a short day photoperiod (SD) in same sex pairs. The light dark 'anxiety' test was conducted in automated VersaMax activity monitors converted to contain two equally sized chambers, one being brightly lit and the other dark, to which the test animal had continuous access. The test situation was either novel (first test day) or non-novel (second and third test days).
Materials and methods

Subjects
Thirty-two male and 32 female laboratory bred (5-6 generations removed from wild) naïve adult meadow voles (27-65 g) were used as subjects. The animals were housed in polypropylene cages with hardwood bedding (Beta Chip) and maintained in a colony room at 21G1 8C. All animals were given free access to food (Agway lab chow) and tap water. The photoperiod in the colony room was either a LD (i.e. reproductively stimulatory; L:D 16:8, lights on 06:00 to 22:00 h) or a SD (i.e. reproductively inhibitory; L:D 8:16, lights on 10:00 to 18:00 h) for a minimum of 6 weeks prior to testing. The colony room L:D cycles were in phase with the environmental lighting cycle and all testing was performed during the light phase at midday. All procedures used were carried out in compliance with the Canadian Council on Animal Care guidelines. , made of clear Plexiglas and covered with a Plexiglas lid with air-holes. Infrared monitoring sensors were located every 2.54 cm along the perimeter (16 infrared beams along each side) and 2.5 cm above the floor. Two additional sets of 16 sensors were located 8.0 cm above the floor on opposite sides. Data were collected and anlayzed by a VersaMax Analyzer (AccuScan Model CDA-8, Columbus, OH) which in turn sent information to an IBM computer where it was stored for future analyses. Three fluorescent light tubes were located above each chamber and provided the light source (approximately 900 lux at the floor of the light chambers).
A black Plexiglas 'dark' box (40!20!20 cm 3 with an opaque top) fit inside each larger activity monitor and took up half of the floor space in the activity chamber. The dark box had small holes located in its sides to allow the infrared beams to pass uninterrupted across the box and also had a 13!5 cm 2 opening in the middle of the front wall as a doorway for the animals.
Behavioral variables
2.3.1. Chamber choice related variables As the animals explored the two chambers in the light-dark apparatus, the automated monitoring system quantified the latency (s) to enter the dark box when first place in the apparatus, the amount of time (s) spent in the light (or dark) chamber, and the number of transitions made between the two compartments.
Activity related variables
During each test session the following activity variables were quantified in the light and the dark areas of the apparatus: horizontal activity; number of beam breaks in the lower infrared sensors per unit time in the light and dark area, respectively; horizontal movement time; time spent moving as a proportion of time spent in the light and dark area, respectively; vertical activity; number of beam breaks in the upper infrared sensors per unit time in the light and dark area, respectively; and vertical time; time spent activating the upper set of beams per unit time in the light and dark area, respectively.
Experimental procedures
2.4.1. Photoperiod manipulation LD (16:8 h L:D) voles were maintained under a reproductively stimulatory photoperiod which has been shown to increase testosterone levels and testes weight in males (Adams et al., 1980; PerrotSinal et al., 2000) . Three to four days prior to testing LD voles were paired with a vole of the opposite sex (one pair per cage) to ensure a state of elevated sex hormone levels in females (CohenParsons and Carter, 1987, 1988; Galea et al., 1995; Perrot-Sinal et al., 2000) . It has been shown that a 72 h exposure to males is maximally effective at inducing estrous in female voles (Seabloom, 1985) . On the first test day it was confirmed that all males had testes that were fully descended (i.e. scrotal) indicating increased reproductive activity (McCravy and Rose, 1992) . All females were monitored for 20 days (gestation period) following the last test day for pregnancy. Six females were subsequently found to be pregnant and the data from these pairs were removed from the data set. Data from 16 male and 16 female meadow voles, tested under the LD condition, were used in the analysis.
SD (8:16 h L:D) voles were maintained under a reproductively inhibitory photoperiod. Three to four days prior to testing short-day voles were paired with a vole of the same sex (one pair per cage). Same sex pairs were used to minimize aggressive interactions. On the first test day it was confirmed that all males had testes in the lower abdomen (i.e. regressed), indicative of low reproductive activity (McCravy and Rose, 1992) . Data from 16 male and 16 female meadow voles, tested under the SD condition, were used in the analysis.
Previous data from our laboratory (Perrot-Sinal et al., 2000) had confirmed that these type of photoperiod and housing manipulations resulted in the appropriate significant elevations of estradiol levels in the LD female voles and testosterone in the LD male voles, relative to the respective SD voles.
Light-dark testing procedure
Voles were tested on three consecutive days. Pairs housed together were tested at the same time but placed individually in a different test box. They were placed into the light chamber and their behavior in the light-dark test apparatus was automatically monitored for 30 min at the same time on each day (Ossenkopp and Mazmanian, 1985) . All test chambers were cleaned after each test period with a commercial detergent (Alconox) and rinsed with a baking powder solution to eliminate any residual odors.
Statistical analyses
All data were analyzed with the Statistical Package for the Social Sciences (SPSS) for Windows, version 9.0. All activity variables were corrected for total time spent in the relevant compartment (e.g. number of beam breaks per sec in the light compartment). A mixed design (split-plot) analysis of variance (ANOVA) was used to examine the effects of the between subject factors of sex (2 levels) and photoperiod (2 levels) and the within subject factor of test day (3 levels). The criterion used for significance was aZ0.05 and GreenhouseGeisser corrected F-values were used to determine significance in the ANOVA procedures. Post-hoc comparisons consisted of Tukey's HSD test.
Results
Chamber choice related variables
All voles spent significantly more time in the dark area than in the brightly lit area (F(1,59)Z112.08, p!0.001; Fig. 1 and note that equal time in each compartment was 900 s) and in general LD voles spent significantly more time in the dark than SD voles (photoperiod main effect, F(1, 59)Z5.58, pZ0.021). There was also a significant day by photoperiod interaction (F(2,188)Z4.21, pZ0.045).
Examination, with post-hoc pair-wise contrasts, of the time spent in the brightly lit area on the first (novel) test day revealed that LD females spent significantly less time in the light than SD females (p!0.01) and significantly less time than both LD (p!0.01) and SD (p!0.05) males. Post-hoc pairwise comparisons on the non-novel test days (second and third test days) revealed no significant differences among the groups for either day.
There were no significant main effects or interactions among groups for the number of chamber transitions measure (Fig. 2) , nor for the latency data (not shown).
Activity related variables
In general voles exhibited less horizontal activity (Fig. 3) , horizontal movement time (Fig. 4) , vertical activity (Fig. 5 ) and vertical time (Fig. 6 ) in the dark chamber than in the light chamber (Chamber main effects; F(1,59)R67.44, p!0.001). There were also significant interactions of photoperiod with chamber type for all four activity measures (F(1,59)R5.65, ps!0.021) indicating significantly less activity in the dark chamber relative to the light chamber for LD voles, but not for SD voles (Figs. 3-6) . Examination of the various activity variables in the light and dark chambers indicated the following significant differences on the first (novel) test day; LD females showed significantly less dark horizontal activity (Fig. 3) than SD females (p!0.05) and SD males (p!0.05), and less dark horizontal movement time (Fig. 4) than SD males (p!0.05). LD males exhibited significantly more vertical activity in the light (Fig. 5 ) than SD females (p!0.05). There was significantly less dark horizontal activity and horizontal movement time in both LD males and females, relative to all four groups in the light chamber (ps!0.01) and less horizontal activity and horizontal movement time in SD males and females in the dark relative to the light chamber (ps!0.05). Both LD and SD males and females showed less vertical activity and vertical time in the dark than all four groups in the light chamber (ps!0.01).
Additional post-hoc comparisons on the nonnovel test days (second and third test days) revealed significant differences only for the horizontal movement variables (horizontal activity and movement time). All of the horizontal movements in the dark were significantly less than in the light on both the second and third test days (ps!0.05). In addition, horizontal movements in the light were significantly greater for LD females than for SD females and LD males (ps!0.01) as well as SD males (ps!0.05) on both days. No significant group differences were evident for any of the other measures on the non-novel test days.
Discussion
The fist major finding of this study was that meadow voles in all experimental conditions spent significantly less time in the brightly lit chamber than the dark chamber. Avoidance of the brightly lit chamber by the voles is in good agreement with previous data from laboratory mice (e.g. Bourin and Hascoët, 2003; Crawley, 1981; Crawley and Goodwin, 1980; Hascoët and Bourin, 1998) , laboratory rats (Bilkei-Gorzo et al., 1998; McQuade et al., 1999) , and a wild vole (Microtus socialis) species (Hendrie et al., 1997) , and provides additional support for the generalized validity of the lightdark test as a measure of 'anxiety' in rodents. The brightly lit chamber is putatively an aversive situation because of a perception of an increased risk of detection by a predator (Hendrie et al., 1997) , and this aversive situation elicits fear and/or anxiety in the voles. It is also interesting to note that rats exposed to sudden periods of darkness while in an open-field situation or in an elevated plus-maze exhibit increased activity levels and decreased levels of behaviors indicative of anxiety (Nasello et al., 1998) , further supporting an anxiogenic effect of brightly lit open areas used in laboratory behavioral tests.
The present finding of increased time in the dark chamber is also consistent with the behavior of voles in the wild. Cover becomes an important factor with regard to isolating prey from some of their predators and it can affect risk of predation (Elton, 1939; Jacob and Hempel, 2003) . Light intensity also affects the activity and habitat use by small mammals (Jacob and Brown, 2000; Kotler, 1984; Travers et al., 1988) . Voles tend to remain under cover or under low levels of illumination (Dobly, 2001; Harestad and Shackleton, 1990) making occasional forays into the lighted areas. This then reinforces the ecological validity of the laboratory light-dark test.
The second major finding is that voles in a long day photoperiod are, in general, more 'anxious' than voles in a short day photoperiod as evidenced by greater avoidance of the brightly lit chamber. These data are consistent with previous observations that photoperiod, and associated changes in breeding status, influence the behavioral reactions, including affective behaviors, of meadow voles to a predator odor and other aversive stimuli. In microtine rodents, exposure to predator odor is often used to simulate predation risk. If the situational risk assessment is influenced by exposure to a predator odor and this results in increased anxiety, then the findings that male LD breeding voles, briefly exposed to a fox odor, subsequently exhibit greater reductions of activity in an open-field test than do SD nonbreeding males (Perrot-Sinal et al., 2000) , is at least partially consistent with the present observations. Although LD breeding female voles initially showed only a small decrease in activity in response to the predator odor they displayed increased reductions in open-field activity with repeated exposure to fox odor (Perrot-Sinal et al., 1999) .
Comparison of the influence of photoperiod altered breeding status on anxiety levels in meadow voles to studies on breeding status and anxiety in other rodent species, provides conflicting evidence. A number of studies have examined the effects of the estrous cycle in rats and mice on various tests of anxiety (Frye et al., 2000; Marcondes et al., 2001; Mora et al., 1996; Morgan et al., 2004; Palanza, 2001) . Under low light intensities exploration of the open arms of an elevated plus-maze by rats was greater in proestrus (greater sexual receptivity) and estrus (Frye et al., 2000; Marcondes et al., 2001; Mora et al., 1996) than during diestrus, suggesting that rats are less anxious in proestrus than in diestrus. In general increased estrogen and progesterone levels tend to be associated with decreased fear of the open arms in the elevated plus-maze test with rats (Mora et al., 1996; Morgan et al., 2004) .
The estrous cycle did not influence anxiety related behaviors in CD-1 mice as indexed by latency to enter an open-field from the home cage or by risk assessment behaviors (Palanza, 2001 ). However, both C57BL/6 and Swiss-Webster mice exhibited increased fear behavior in an open field and the elevated plus-maze test, under the influence of increased estradiol levels Pfaff, 2001, 2002) . Thus, the previous findings in rats contrast with the present observations in meadow voles. Less anxiety related behavior occurs in proestrus females rats whereas LD (breeding) meadow vole females exhibit more of these behaviors. The findings from the studies with mice are also not clear. These discrepancies may reflect species differences, perhaps related to the degree of normal nocturnal versus diurnal activity, and/or methodological differences across studies, but they could also reflect a greater level of domestication in laboratory rats and mice when compared to meadow voles which are only several generations removed from the wild. For example, Augustsson and Meyerson (2004) showed that wild house mice displayed greater avoidance of open areas (more thigmotaxic) in laboratory tests than did two laboratory strains (BALB/c and C57BL/6).
Another possibility relates to the finding that the nature of the activity rhythms of voles may change across seasons (photoperiods). Activity patterns shifted from predominantly nocturnal dominance in the summer to crepuscular or diurnal dominance in the winter when examined in running wheel tests (Rowsemitt, 1986 ). Thus, it is possible that such shifts could have modulated the current findings in the light-dark apparatus. Another issue to consider is the possibility that the decreased activity levels in the dark chamber in LD voles (Figs. 3 and 4) could represent increased sleep behaviors. As visual observation of behavior in the dark chamber was not possible, sleep behavior must be considered in interpreting increased dark chamber preference as an index of increased anxiety. Although it is unlikely that much sleep occurred in such short 30 min tests and there were few differences in dark activity levels between the two photoperiod conditions ( Figs. 3-6 ), future studies should nevertheless examine this issue with low light video recording of behavior in the dark chamber. As well, given that the behavioral influence of gonadal hormones is dependent on photoperiod (e.g. Campbell et al., 1978; Turek et al., 1975) , future studies also need to examine the relationship between differing levels of gonadal hormones and photoperiod effects by means of gonadectomy and hormone replacement manipulations.
Interesting sex differences were also obtained in the present study, especially on the first test day when the apparatus was novel for the animals. LD female meadow voles spent significantly less time in the light chamber than did LD males as well as both SD males and females. These differences suggest that female voles in a breeding state found the light chamber more aversive and were more anxious when in this part of the apparatus than any of the other groups of voles. Male voles did not show an equivalent difference between the two photoperiod conditions. In addition to these sex differences in chamber choice there also were interesting sex differences in activity levels in the apparatus. The LD females were the least active group in the Dark chamber when the apparatus was novel (day 1) but the most active group in the light chamber when the apparatus was non-novel (days 2 and 3).
The present findings show that the LD female voles were significantly more 'anxious' on the first test day relative to all of the other groups. They avoided the light area and were relatively inactive in the dark area. These findings are in agreement with previous data from our laboratory (Perrot-Sinal et al., 1996 showing that females are more thigmotaxic (an index of anxiety) in an open-field situation (Ossenkopp et al., 1994; Treit, 1985; Treit and Fundytus, 1989) . Examination of anxiety related behaviors in the plus-maze test with prairie voles also demonstrated that female voles are more anxious than males (Bales et al., 2004) . The females spent significantly less time in the open arms of the maze relative to the males. It should be noted that these prairie voles were housed under a long day light cycle (14:10 L:D), putatively inducing breeding conditions. Whether or not prairie voles would exhibit a similar sex difference in anxiety related behaviors on the plusmaze test, when housed in a short day light cycle, remains to be determined.
The present observations are also consistent with previous data from laboratory rats and mice showing that females are more thigmotaxic in open-field tests (Archer, 1975; Morgan et al., 2004) and spend less time on the open arms of the plus-maze (e.g. Morgan and Pfaff, 2002) . Although few data exist on rodent sex differences in the lightdark test (Bourin and Hascoët, 2003) there is one study which found that in grouped, but not singly housed Swiss-Kunming mice, females spent significantly more time in the dark chamber relative to males (Guo et al., 2004) ; findings which indicate that the group housed females were more anxious than the males. In contrast, Voikar et al. (2001) found few sex differences in the light-dark test with a variety of group housed mouse strains.
The fact that LD voles in the present study were housed in mixed-sex pairs and that this procedure may have influenced the level of stress in the female voles, is another factor to consider with respect to the present findings. Increased levels of stress could have resulted from males exhibiting aggressive behaviour toward the females prior to anxiety testing, potentially resulting in higher levels of anxiety related behaviors in LD females. As no measures of pre-test aggressive behaviour in the males were obtained, this possibility needs to be addressed in future studies. Clearly more research needs to be directed at the interesting question of sex differences in anxiety, as measured in the light-dark test, and the factors responsible for these differences.
The observations of the present study are in good agreement with the hypothesis that breeding females need to have a heightened sensitivity (e.g. increased vigilance while sniffing, scanning, or listening) to relevant environmental stimuli in order to optimize decisions concerning reproduction and related behaviors. These findings also suggest that gonadal hormones may modulate the neural systems responsible for defence against predators (Blanchard et al., 1991; Blanchard et al., 1992; Norrdahl and Korpimaki, 1998) and other dangers in the environment. It is also possible that disregulation of these same neural systems may be involved in the manifestation of anxiety and related disorders. Indeed, most anxiety disorders in Figure 6 Group mean time corrected vertical time (sec of vertical movement per sec in the chamber) in the dark chamber (panels A and B) and the light chamber (panels C and D) for female and male, SD (non-breeding) and LD (breeding) meadow voles over 3 days of testing. 'A' indicates a significant light/dark chamber difference for females over days of testing. 'B' indicates a significant light/dark chamber difference for males over days of testing.
humans tend to have a higher incidence in females, as compared to males (e.g. Pigott, 1999) . There also are sex differences in the characteristics of some of the anxiety disorders, including differences in the putative etiological factors (Breslau et al., 1995; Pigott, 1999) . The present study suggests that meadow voles may be an excellent animal model in which to examine the role of gonadal hormones, and their modulation of defence related neural systems involved in the induction of anxiety. This animal model may further be useful in examining potential pharmacotherapeutic approaches in treating various anxiety disorders.
